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middle stringers provided a track where the force plate could move closer and further from the
rubber to accommodate different pitchers’ stride lengths. Two cross ribs were cut and attached
between the middle stringers to provide support and keep the long sheets of plywood from
bending. Steel corner supports were placed in the outer corners to provide strength and structural

support.

Figure 2. Mound Framework for sloping section. The mound framework was built to Major
League Baseball standards and made out of 3/4 inch plywood.
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Next, the top flat portion of the mound was constructed. This section was precisely 24
inches x 48 inches when viewed from above. The back section was cut to be 48 inches x 14
inches, and the 4 stingers running parallel with the other stringers were cut to be 22 1/2 inches x
14 inches. The two middle stringers were centered and placed 24 1/8 inches apart. A cross rib
was cut and attached between the middle stringers in a perpendicular direction. The two middle
stringers and cross rib provided the area for the force plate to sit while leaving a small 1/4-inch
gap between the outer edges of the force plate and mound. This section was attached to the
previously described sloping section shown in Figure 3 and secured with construction adhesive
and 2 1/2 inch screws drilled at an angle using a pocket hole jig (General EZ Pro Deluxe Pocket
Hole Jig Kit, General Tools & Instruments LLC, Secaucus, NJ). To make a secure connection to
the sloping section, pre-punched angle iron was secured to the inside corners with construction
adhesive and was then bolted to the corners using 1 1/4 inch length 3/8-inch bolts with washers

and nylon lock nuts.
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Figure 3. Mound framework - flat shelf section attached to the sloping section. The flat shelf
section was attached to the sloping section with pre-punched angle iron and secured with 1 1/4-
inch bolts.

Next, the sections where each force plate sat were finalized. In the sloping landing area,
two stringers were created with the same degree of slope but were offset from the top to
accommodate the depth of the force plate and ensure the top of the force plate would sit flush
when adding the 3/4-inch-thick plywood sheet over top of the skeleton structure. Two stringers
with these dimensions were added to the inside section of each of the large stringers. Two cross
ribs were added at the top and bottom of this section and a belt sander (Black & Decker 3 in x 21
in Belt Sander, Stanley Black & Decker, New Britain, CT) was used to ensure proper
dimensions. These stringers and ribs were secured with construction adhesive and 2-inch wood

screws. A tape measure and the force plate itself were used to confirm the force plate would sit
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flush with the rest of the mound. A portion of extruded aluminum angle was placed over top of
the wooden stringer on each side to help accommodate the correct depth and ensure smoothness.
Holes were predrilled (DEWALT 20V Max Cordless Drill, DEWALT, Baltimore, MD) into
sections of the angle iron and then each piece was secured onto the top portion of the stringer for
the force plate to sit on. The same process was used to create the sections for the force plate in
the flat portion of the mound. However, these sections did not need to slope, and an aluminum
angle was not used.

The skeleton structure was then placed on dollies, and a large 4 feet x 8 feet section of
3/4-inch thick plywood was positioned over top of the sloping section of mound. A pen was used
to mark the sheet of plywood from underneath and then cut using a circular saw (DEWALT 71/4
inch Circular Saw, DEWALT, Baltimore, MD). The sheet was placed on top of the sloping
section and secured with construction adhesive and 2-inch wood screws shown in Figure 4. A
belt sander was used to smooth and line up the edges. The same process was used with another

sheet of plywood and the flat portion of the mound.
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Figure 4. Mound surface structure. The mound surface structure was built with overlayed sheets
of 3/4-inch thick plywood and cut using a circular saw.

In order to accommodate different pitchers’ stride lengths, two wooden plugs were
constructed that could be positioned in various configurations that would allow the force plate to
move forward or backward so that the pitcher could land on the force plate without altering their
mechanics. These blocks were made of 3 pieces of 2-inch x 8-inch blocks of wood stacked on
top of each other. An additional piece of wood was measured and added to the top of the blocks

to make it level with the rest of the mound. The bottom block of wood was offset by 1/4 inch to
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maintain spacing between the force plate. These plugs enabled the force plate to sit in 3 positions

dependent upon the stride length of the pitcher (short, medium, or long) shown in Figure 5.

Figure 5. Location of the landing force plate. The force plate at the landing position sits on a
track and can move to three different positions. The force plate was moved dependent upon
whether the pitcher had a short (left), medium (middle), or long (right) stride length.

To accommodate access to the force plate’s output connector, two holes were drilled with
a circular drill bit (Milwaukee 2 1/8-inch Hole Saw Milwaukee Tool, Brookfield, WI) in the
front of the mound as well as the front cross rib. Then, polymerizing vinyl chloride (PVC) pipes
were measured, cut with a hand saw, and glued to provide a passage for a cord to be inserted
from in front of the mound and into the running track where the landing force plate sits. One
PVC pipe ran from the front of the mound to the bottom of the cross rib, while the other ran from
the front of the mound to the top of the cross rib. This was to accommodate access to the force
plate’s output connector when it sits in the most forward position as well as when the force plate
sits in the middle or furthest position from the front of the mound and a wooden plug blocks the

entry of the cord. Another hole was drilled in the side of the mound and in one of the stingers
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using a jig saw (Ryobi Jig Saw 3-inch blade, Ryobi, Fuchu, Hiroshima, Japan) to accommodate
access to the force plate under the pitching rubber. This hole was drilled large enough so a hand
could be placed through and securely attach the cord to the output connector of the force plate.
Finally, the mound was placed on top of two dollies, and artificial turf (Grizzly Grass
0.375 inch pile height, TrafficMaster, Garden Grove, CA) was positioned over the mound and
marked from underneath, then cut to the correct dimensions with a razor knife. Artificial turf
adhesive (Robert’s 6700 indoor-outdoor carpet adhesive, Roberts Consolidated Industries,
Henderson, NV), as recommended by the manufacturer (TrafficMaster, Garden Grove, CA), was
spread onto the plywood with a 1/8-inch notched adhesive trowel, and the turf was rolled on and
pressed onto the mound (Figure 6). In a similar process, the artificial turf was attached to the top
of each force plate with construction adhesive to provide a more solid bond to the metal force

plate.
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Figure 6. Surfacing the mound with artificial turf. The mound was surfaced with artificial turf
and attached using artificial turf adhesive. The turf had a low nap and provided optimal traction.

Laboratory Setup

Data collection took place outdoors at the Bud Metheny Baseball Complex at Old
Dominion University. For each day of data collection, the following process was executed. The
instrumented pitching mound was moved from an inside stored location nearby and placed on an
area of artificial turf outdoors in the same location each day of data collection (Figure 7). Two
(Bertec FP-4060, Bertec Inc. OH, USA) force plates, each attached to an approximately 50-
kilogram steel plate, were lowered into the mound. A small steel crowbar was used to help align
the force plate and secure it into the correct position, so the force plate did not touch any portion

of the mound and had approximately a 1/4-inch gap between the force plate and the turf around it
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on all sides. The unloaded force plates were hardware and software zeroed prior to beginning the
data collection. Assuming the attached turf was non-deformable, hardware/software zeroing prior
to loading properly corrects the force plate readings for the raised center of pressure point above

the top surface of the force plate.

Figure 7. Outdoor laboratory setup. The instrumented pitching mound was setup outside during
each day of data collection.

Next, the distance from the front of the pitching rubber to the back point of home plate
was measured to be 60 feet 6 inches with an open reel tape measure. A 9-pocket sock net was set
up one foot behind the back point of home plate and raised four inches to be used as a target for

the pitchers to throw to. Two large sock nets were placed behind the smaller 9-pocket target in
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order to catch any pitches that missed the target. Equipment used to measure pitch velocity
(Rapsodo Pitching 2.0, Rapsodo Pte Ltd., Brentwood, MO) was placed on the ground 15 feet 6
inches from the front of home plate and aimed at the pitcher. A tent was set up behind the
instrumented pitching mound with a cart and table to record data. Software (2000Hz, Vicon
Motion Analysis Inc., Oxford, UK) was used to process the kinetic data. Two cameras (GoPro
Hero 7 Black, GoPro Inc., San Mateo, CA) were utilized to capture video of the participants’
pitching motion. One camera was set up 18 inches in front of the edge of the mound on a
miniature tripod aimed upward and used to video the frontal plane. The other camera was set up
on a large tripod 4 feet high, 4 feet perpendicular from the center of the mound, and used to

capture the sagittal plane. All videos were recorded at 60 frames per second at 1080p.

Experimental Procedure

Participants signed all consent forms and the questionnaire prior to data collection and
were reminded that they could withdrawal from the study at any time. Height, age, and pitching
dominant arm were recorded in the questionnaire (Table 1). Each participants’ data were
collected in a single throwing session that lasted approximately 60 minutes from warm-up to
finish. Each subject wore the team distributed turf shoes (Under Armour Inc., Baltimore MD).
Mass was determined via a static trial where the participants stood stationary on the force

platform.
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Table 1. Participant demographic data o
Participant Number Age (years) Height(m) Mass (kg) BMI (keg/m’) Hand Dominance

Participant 1 19 1.880 117.2 33.17 R
Participant 2 21 1.829 87.9 26.28 L
Participant 3 21 1.930 97.9 26.27 R
Participant 4 20 1.829 83 24.82 R
Participant 5 18 1.854 84.7 24.64 R
Participant 6 21 1.854 85.5 24.87 R
Participant 7 19 1.778 82 25.94 L
Participant 8 20 1.829 81.6 24.40 R
Participant 9 21 1.880 90.4 25.59 R
Participant 10 22 1.930 95.4 25.60 R
Participant 11 24 1.981 106.4 27.11 R
Participant 12 21 1.892 90.4 25.25 R
Average 20.58 1.87 91.86 26.16
Standard Dev 1.56 0.06 10.85 2.35

Participants were given freedom to perform their own warm-up routine and were given as
much time as they needed. Participants were instructed to prepare themselves to be able to throw
off the mound for at least 15 pitches. After warm-up, each participant was asked to perform one
simulated pitching motion in order to analyze their stride length and move the landing force

plate, force plate 2 (FP2), into one of the three positions as seen in Figure 8.
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Figure 8. Mound framework. The force plate on the flat shelf of the mound where the pitcher’s
drive leg is located was labeled as FP1, and the force plate on the sloping section where the
stride leg lands was labeled as FP2.

Then, participants were asked to place a sleeve containing an inertial measurement unit
(IMU) (motusBASEBALL Complete Package, Motus Global Inc., Massapequa, NY), over their
throwing elbow so the dot on the motusBASEBALL sleeve was placed over the medial
epicondyle and the sensor was approximately two-finger widths distal. The sampling frequency
was recorded using the standard software settings of the device at 1000 Hz. Participants were
given instruction to throw 15 pitches from the stretch position (Figure 9) at maximum effort: 10
consecutive fastballs followed by 5 breaking balls. All fastball pitches where the subject’s foot
landed on FP2 were used for the data analysis of this study. No experience of pain was reported

by any participants.
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Figure 9. Stretch position. The pitcher is shown in the set position with his drive leg foot
touching the front of the pitching rubber just before leg lift of the stride leg.

Y. P ey

Ground Reaction Forces

Ground reaction forces were recorded in all three directions at a sampling frequency of
2000 Hz. The x-direction was defined as toward 3" base (transverse plane). The y-direction was
defined as towards home plate (frontal plane). The z-direction was defined as the vertical force
upward (transverse plane). Both force plates were calibrated to match this coordinate system.

The impulse of the drive leg was defined as the area under the curve from leg lift until zero force
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for the drive leg in the y-direction. The peak braking force was defined as the maximum

amplitude of force from the stride leg in the negative y-direction.

Description of Biomechanical Measures

The three-dimensional coordinate system is shown in Figure 10. The direction from the
pitcher’s mound to home plate was defined as the positive Y-direction and in the direction of the
pitch. This direction is referenced as the anterior-posterior direction due to the general reference
of the body in relation to the pitch. The drive leg produced forces toward 2" base and in the
opposite direction of the pitch while the stride leg produced forces towards home plate. This

study focuses primarily on forces in the anterior-posterior direction.

Figure 10. Coordinate System of the Force Plate. The CAD design of the instrumented pitching
mound is depicted with the local coordinate system orientations.
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The direction from the pitcher’s mound to 3 base was defined as the positive X-
direction and referred to as the medial-lateral direction. Most of the forces produced in this
direction were from the rotation of the pitching motion. The forces in this plane of direction were
minimal as most of the forces produced were in the direction plane of the pitch or in the vertical
direction.

The direction from the pitcher’s mound towards the sky was defined as the positive Z-
direction. Most of the force in this direction is from the weight of the participants. Forces
produced by the stride leg were greater due to the elevation of the mound. Forces from the drive
leg during the stride phase in this direction were slightly more than body weight while forces
produced from the stride leg during the landing phase were more than 1.5 times body weight.

Impulse of the drive leg is defined as the cumulative amount of force over time the
pitcher produces in the anterior-posterior direction from the time when the pitcher lifts the stride
leg and moves down the mound until the Fy curve reaches zero and begins to move in the
negative direction. This Kinetic variable of impulse is the area under the curve in the anterior-
posterior direction between these two temporal parameters and is also known as the integral of

the Fy curve (Figure 11).
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Figure 11. Force Versus Time Curve Depicting Impulse. Impulse of the drive leg is depicted as
the area under the Fy curve shown by the region shaded in blue.
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Peak ground reaction force of the stride leg is defined as the maximum amplitude of the
stride leg produced after foot strike in the anterior-posterior direction (Figure 12). This is the
force that stops the forward momentum produced from the drive leg and transfers the energy

from the stride foot up the kinetic chain.

Figure 12. Force Versus Time Curve Depicting Peak Stride Leg Force. Peak stride leg force in
the anterior-posterior direction is depicted within the yellow highlighted circle.
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Elbow varus torque was defined as the reading given by the motusBASEBALL sleeve of

the maximum elbow varus torque during the arm cocking phase when the arm is near maximum

external rotation. Studies have been used to investigate the accuracy of more accessible

technologies such as the motusBASEBALL sleeve (motusBASEBALL Complete Package,

Motus Global Inc., Massapequa, NY). Wight et al. found that all motusBaseball sleeve kinetic

measurements held a significant level of reliability and accuracy when compared to marker-

based motion capture Kinetics [24]. Elbow varus torque is a prominent measure used to

investigate relationships to injury. This parameter was measured in newton*meters.



